Abstract. The conversion efficiency of diffusion-type silicon solar cells, η, is studied theoretically in assumption of different doping levels existing under collection grid contacts and within the inter-contact spacing. It is shown that at high under-contact doping levels and at relatively low inter-contact doping ones the conversion efficiency increases as compared to uniform doping case. The dependence of η on Shockley-Reed-Hall carrier lifetimes both in the base and in the top-surface n + -layer as well as on the depth of p-n-junction and the shape of electron concentration profile, N(x), in the n + -region is analysed.
Introduction
As shown in papers [1] [2] [3] , extremely high values of conversion efficiency in diffusion-type n + -p-p + silicon solar cells (SC) can be achieved only at high doping levels of n + -and p + -regions and at small thickness of top-surface n + -layer ( ≤ 10 -5 cm -3 ). That is caused by the necessity of minimization of SC internal resistance, effective surface recombination rates under top and rear surface contacts and recombination losses resulting from bulk recombination in the highly doped n + -region. Important part of energy losses in SC is caused by short-circuit current reduction due to recombination of minority carriers and due to absorption of photoactive part of sun-light flux by free charge carriers within highly doped n + -and p + -regions. Besides, as it was shown in [4] , conversion efficiency in diffusion-type silicon SC depends essentially on the maximum value of doping impurity concentration in the n + -region and on the shape of N(x) profile.
It is possible to decrease essentially energy losses caused by bulk and surface recombination as well as by free carrier absorption if under-contact semiconductor regions are doped to more high level than contact-free parts of SC surface. This conclusion was proved experimentally in [5] , where essential enhancing of silicon SC performance due to nonuniform doping of under-contact and contact-free regions was observed. At the same time physical mechanisms of such enhancement are not studied theoretically in detail up to now. Our paper fills in this gap in the problem.
Formulation of the problem
The formulation of the problem is based mainly on approaches of papers [3, 4] . As in [3] , the condition d<L is supposed to be valid, where d is SC thickness, and L is the electron-hole pair diffusion length in the base. According to [4] it is suggested that in the region of N(x) gradient the number of recombining electron-hole pairs is much less than that of generated.
Consider the case when the depth of p-n-junction n x under contacts is equal to the summary thickness of the region 0 n x , where donor concentration is independent of coordinate x and of the region n x ∆ , where donor concentration reduces as x increases. As shown in [6, 7] , such type of ) (x N profile are rather typical for diffusion-type silicon SCs and related to the presence of doping impurity solubility limit. Besides, in the varying part of ) (x N profile exponential dependences of the form
are often observed either in the whole n + -region or in the essential part of it. The p-n-junction depth n x in the above model is determined by the equation
where c N 0 is the maximum value of donor concentration in the n + -layer under contacts. Assume that in the inter-contact spaces classical diffusion profile of impurity concentration exists:
Here, i N 0 is the maximum value of donor concentration in the n + -layer between contacts. The p-n-junction depth x ni in this case is determined by the equation
The inequality x nc > x ni is usually valid. N(x) profiles illustrating concentration distribution under contacts and in the inter-contact spaces are shown in Fig.1 . The hole lifetime in highly doped n + -region, according to [4] , is assumed to be equal 1 2 
where rp τ is Shockley-Reed-Hall lifetime of holes in the n + -region, is Auger recombination constant for electrons in silicon [8] .
In calculations the following recombination channels in the base are taken into account: Shockley-Reed-Hall recombination, photon-emitting band-to-band recombination and Auger band-to-band recombination. In the used approximation L d < , the excess electron concentration in the base const x n ≅ ∆ ) ( , and for the bulk recombination rate, v R , the following equation is valid:
where τ rn is the Shockley-Reed-Hall recombination lifetime, À i = 1.48.10 -15 cm 3 s -1 is the photon-emitting recombination constant at T = 300 K [9] , Ñ p = 10 -31 ñm 6 s -1 is the Auger recombination constant for holes [8] . Since recombination in the region of N(x) gradient is supposed to be small, the influence of the mentioned region on the effective rate of surface recombination, S 0 , at the front surface can be neglected. The corresponding criterion for this is the inequality
where E(x) is the electric field strength, appearance of which is related to the presence of impurity gradient, kT/qL p is the diffusion-induced electric field strength in a given region, L p is the local diffusion length for holes. In this case recombination under contacts is determined not by a total p-n junction depth x nc , but only by x n0 region. Besides, recombination in the inter-contact spaces does not depend on p-n junction depth x ni and can be determined in frames of the diode theory for current flow. The effective recombination rate at the front surface, S 0 , with account of the above approximations can be written as follows [3] : 
where ) (
is the Fermi-Dirac integral of the order of 1/2, S pm and S r are «true» rates of surface recombination at the semiconductor-metal and semiconductor-dielectric interfaces, correspondingly, m is the ratio of the top-contact grid area to the SC surface one. For the effective recombination rate, S d , at the rear surface in assumption of its total covering by metal we have similarly to (7), (8): 
, n L are, respectively, diffusion velocity, diffusion coefficient and diffusion length of electrons in p + -region, N v is the effective density of states in the silicon valence band, p E ∆ is the reduction value of silicon band-gap in the p + -region (in kT units), and the magnitude Z p is determined from equation
where Ð 0 is the maximum value of hole concentration in ð + -region, S nm is the «true» surface recombination rate of electron-hole pairs in the semiconductor-metal interface, x p0 is the thickness of the region with Ð(õ) = ñonst. Parameters S pm ≅ S nm ≅ 2,5⋅10 6 cm/s were used in calculations, and it was assumed that the electron lifetime in ð + -region is determined by band-to-band Auger recombination:
( )
The diffusion coefficient for holes in the n + -region, D p , was supposed to be 3.3 cm 2 /s [10] , and the electron diffusion coefficient + n D in highly doped p + -region -to 7 cm 2 /s [11] . For the dependences ) (N E n ∆ and ) (P E p ∆ the empirical relation from [12] was used:
The magnitude of SC short-circuit current density in AM0 conditions (when the solar radiation spectrum is simulated by the radiation of absolutely black body at Ò ñ =5800 K) at the ambient temperature 300 K is determined from the equation (in A/cm 2 ):
where r s is the reflection coefficient for the front SC surface, z = λ/λ x , λ is the illumination wavelength, λ x is the red boundary of intrinsic photon absorption in silicon, f p (α) and f n (α) are the spectral dependences of collection coefficients for holes in the n + -region and that for electrons in the p-region, α(z) is the spectral dependence of photon absorption coefficient the analytical expression of which is given in [13] .
In accordance with the model [14] , the function of electron-hole pair generation in semiconductor with taking into account multiple light reflection in the semiconductor is described by the expression:
where I is the intensity of monochromatic illumination, R 0 and R d are reflection coefficients for photons moving to the top and rear SC surfaces from the semiconductor bulk. The
models the case of total light absorption in the semiconductor that may occur for textured or profiled surfaces of SC.
The successive approximation method was used for determination of f p (α). Since recombination is low in the region of N(x) gradient, i.e. the inequality (6) is fulfilled, in the first approximation the recombination term can be neglected in the continuity equation for holes in the n + -region. This allows one to determine the distribution of nonequilibrium holes, ) (x p ∆ , in this region. Taking into account, in the second approximation, the bulk recombination in the inter-contact spaces, and with account of ) (x p ∆ distribution we get the following expression for f p (α):
where
is the dimensionless potential (normalized by kT/q) appearing in the n + -region due to the gradient of concentration
, in accordance with [4] , is determined from equation cuit voltage, C V 0 , which is equal to the sum of voltage drops across top-surface and rear-surface regions under illumination:
To find the excess carrier concentration, n ∆ , one should use the generation-recombination balance equation of the form:
where SC J is the short circuit current density. It follows from (21) that in the open circuit mode the following relation is valid
Assuming, as usually, that forward bias and illumination (in the presence of loading resistor) give the equivalent result, SC I-V characteristic can be written as follows:
where the magnitude * n ∆ is determined from (22) with [12] can be written as follows:
the electron mobility in the n + -region, l is the distance between fingers of the contact grid. Let us specify the geometry of the contact grid. We will consider it consisting of wide contact strip that connect the system and of narrow parallel fingers, so that the relative area of strip is m 1 , the area of fingers is m 2 and their total area is m. In this case following simple relation between m 2 , l and finger width l n is valid:
Discussion of results
By use of above equations it is possible both to calculate the conversion efficiency η for various sets of basic parameters of SC with spatially non-uniform doping and to study the problem of optimization of SC performance. In particular, we consider the dependences of η on Shockley-ReedHall lifetimes in highly doped n + -layer and in the base, on p-n junction depth, on doping levels under contacts, within the inter-contact spaces and in the base. In the next analysis we will use the following parameters of diffusion-type silicon SCs: . The variation of SC conversion efficiency with doping concentration in under-contact regions for spatially nonuniform (curves 1-3) and uniform (curve 4) cases is shown in Fig.2 . While plotting the curve 4, photon absorption at free carriers in highly doped regions was taken into account similarly to [3] . It was assumed here that the quantum-mechanical theory of photon absorption developed in the Born approximation for the case of pulse scattering at ionized impurities [15] is valid, and the impurity compensation in n + -and p + -regions is absent. In last case calculation of the photon absorption coefficient can be done by modifying the equation for the generation function ) , ( x g α . In particular, if 1
(which corresponds to full absorption of radiation in SC) such relation is valid: 
are the light intensity reduction factors by n + -and p + -regions, and are the light absorption coefficients for electrons and holes, respectively.
As can be seen from Fig. 2 , the conversion efficiency in the case of SC with a spatially non-uniform doping distri-bution is higher than that for SC with uniform distribution at all values of N 0c .
The dependences of η on the doping concentration in the base are shown in Fig.3 with electron lifetime in the base, rn τ , as a parameter. Here electron and hole concentrations in highly doped regions are assumed to be constant.
As can be seen from the figure, the conversion efficiency increases essentially with rn τ in the region of low base doping concentration, and at rn τ ≥ 10 -2 s its magnitude becomes independent on the base doping level in a wide range of 0 p variation. The constancy of ) ( 0 p η is caused, on the one hand, by nonlinear excitation conditions in the base ( n ∆ > 0 p ) and, on the other hand, by small SC thickness resulting in participation of both top-surface and rearsurface space charge regions in photo-voltage formation. The increase in ) ( 0 p η as observed at 0 p > n ∆ is explained by the rise of photo-voltage with increase of potential barrier height. This increase is less pronounced if the contribution of Shockley-Reed-Hall recombination to the total recombination flux in the base is negligible.
In Fig.4 the dependences of short-circuit current on p-n junction depth, x ni , in the inter-contact spaces are plotted. The Shockley-Reed-Hall lifetime for holes, τ rp , is used as a parameter. As seen from the figure, maximum values of sc J at low τ rp can be obtained by decreasing of x n values. At small p-n junction depths, x n , the Ohmic losses of SC output power increase due to rise of sheet resistance of the n + -region. To reduce these losses the spacing between parallel fingers of contact grid should be decreased. Besides, the degree of SC shadowing increases resulting in decrease of short-circuit current, and, hence, the η value. The optimum is achieved at a proper relation between Ohmic losses and losses caused by grid shadowing of the top surface, as illustrated in Fig.5 .
Conclusions
It is shown that the conversion efficiency of diffusion-type n + -p-p + silicon SC increases with increase of doping concentration in the n + -layer under top-surface contact grid in comparison with inter-contact spaces. As the ShockleyReed-Hall lifetime in the base, rn τ , increases, the conversion efficiency is enhanced essentially at low base doping levels, while at rn τ ≥ 10 -2 s the η value becomes practically independent of the base doping level in a wide range of p 0 change. At maximum value of doping concentration in the n + -region within inter-contact spaces (equal to about 10 19 cm -3 ) the bulk recombination in the layer with variable donor concentration N(x) is negligible if the p-n junction depth is less than 0.2 µm, and Shockley-Reed-Hall lifetime in the n + -region is more than 10 -8 s.
